Our recent studies suggested that the freezability of carp semen is related to seminal plasma protein profiles. Here, we aimed to compare the spermatozoa proteomes of good (GF) and poor (PF) freezability semen of carp. To achieve this, we used two-dimensional difference in gel electrophoresis followed by MALDI-TOF/TOF mass spectrometry. The semen was classified as GF or PF based on sperm motility after freeze/thawing. We identified proteins enriched in spermatozoa of GF (22 proteins) and PF (18 proteins) semen. We also identified 12 proteins enriched in the supernatant after cryopreservation of PF semen. Good freezability is related to high concentrations of proteins involved in the maintenance of flagella structure, membrane fluidity, efficient control of Ca 2+ and sperm motility, energy production, and antioxidative protection, which likely reflects the full maturation status of spermatozoa of GF semen. On the other hand poor freezability seems to be related to the presence of proteins identified as released in high quantities from cryopreserved sperm of PF. Thus, the identified proteins might be useful bioindicators of freezing resilience and could be used to screen carp males before cryopreservation, thus improve long-term sperm preservation in carp. Data are available via ProteomeXchange with identifier PXD008187.
Introduction
Cryopreservation has been extensively used in assisted reproductive technology, agriculture, and conservation programs for endangered species. However, in fish breeding, this method is not yet implemented on a commercial level. Cryopreservation is a damaging process that induces oxidative and osmotic stresses, which alter lipid and protein composition, decrease motility and viability, cause damage to mitochondria and sperm tails, and increase sperm DNA fragmentation leading to a decrease in vertebrate sperm quality after cryopreservation [1] [2] [3] [4] [5] [6] [7] . For those reasons, cryopreservation protocols have to be carefully optimized in order to minimalize the above-mentioned damages. Several effective protocols for the cryopreservation of carp semen have been established [8] [9] [10] [11] . However, these protocols do not produce PLOS ONE | https://doi.org/10.1371/journal.pone.0192972 March 22, 2018 1 / 20 a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
satisfactory results for some individuals because of differences in samples ability to withstand the freezing-thawing process [12] . Therefore, the identification of markers for predicting carp semen cryopreservation outcomes is a prerequisite for improving sperm cryopreservation protocols. The quality parameters of fresh semen (e.g., motility, viability and sperm concentration) have been used as predictive tools of sperm cryopreservation potential in fish [5, 6, 9, 13, 14] . However, the usefulness of such bioindicators varies across fish species and between individuals. For this reason, there is a need to identify molecular biomarkers of semen quality. In mammals, such freezability differences have been related to protein composition of seminal plasma and spermatozoa [15] [16] [17] [18] [19] . Some specific sperm protein markers of good and poor semen freezability have been identified in mammals [20, 21] Higher levels of heat shock protein 90, acrosin binding protein and voltage-dependent anion channel 2 and lower levels of triosephosphate isomerase are correlated with GF in boar sperm [22] [23] [24] [25] [26] . High levels of enolase and glucose-6-phosphate isomerase have been shown to be markers of GF in human semen [27] . A recent comparative analysis of the bull sperm proteome revealed that high freezability is related to higher levels of proteins associated with stabilization of acrosome structure, sperm membrane stabilization and sperm energy metabolism [28] . Furthermore proteomic studies in humans and bulls revealed that sperm proteins that are changed by cryopreservation could also serve as markers of resilience to long-term cryopreservation [29, 30] . Yoon et al. [31] observed epididymal sperm proteome dynamics and possible protein markers of cryo-stress during cryopreservation. They found that nine proteins were differentially expressed before and after cryopreservation (levels of two proteins decreased and levels of seven increased). As transcription, translation and protein synthesis generally do not occur in mature spermatozoa the observed increase in protein abundance after cryopreservation may be a result of posttranslational modification.
The percentage of motile sperm after freezing and thawing is commonly used as an indicator of sperm quality in both mammals and fish. It has been used in the dairy industry to evaluate the success of cryopreservation and as a discriminating factor in proteomic research on the freezability of mammalian semen [17] [18] [19] 32] . Recently Horokhorvatskyi et al. [12] used postthaw sperm motility to classify the cryoresistance of carp semen. In fish CASA assessment of the percentage of motile sperm in fresh and cryopreserved semen samples is positively correlated with fertilizing ability and it can be used as a proxy for fertilization capacity in multiple fish species, including carp [14, [33] [34] [35] . At present it is unknown whether other sperm characteristics can be used as indicators of semen quality. An earlier study found that sperm viability in fish was a less sensitive indicator of heavy metal toxicity and fertilizing ability than sperm motility [36] .
Semen consist in spermatozoa and surrounding fluid called seminal plasma. Our recent studies have suggested that carp semen freezability is related to seminal plasma protein profiles, even when the tested semen are characterized by similar initial sperm quality parameters [37] . We have indicated in seminal plasma potential protein biomarkers of freezability related to sperm membrane integrity and antioxidative protection. However, to the best of our knowledge, there is no information concerning the relationship between proteome of carp spermatozoa and freezability. Such study should provide additional novel biomarkers of semen freezability in carp spermatozoa. This knowledge is a prerequisite for better understanding of the mechanism of cryoinjuries to particular structures and functions of spermatozoa.
The aim of the present study was to compare the proteome of fresh (before cryopreservation) spermatozoa of GF and PF carp semen using 2D-DIGE technique and to identify differentially abundant proteins. Moreover we compared the supernatants of GF and PF semen after cryopreservation and identified proteins leaked in greater quantities from the spermatozoa of PF than GF. The identified sperm proteins can serve as potential biomarkers of freezability. We believe that based on the results we obtained ELISA tests could be developed to screen male carp for good sperm freezability and to improve preservation techniques in carp.
Material and methods

Fish origin and broodstock management
The milt of the common carp (Cyprinus carpio L) was obtained from fish maintained at the Institute of Ichthyobiology and Aquaculture of the Polish Academy of Sciences in Gołysz, Poland. Males were randomly selected from a larger population of spawners from pond in the middle of the spawning season (July 2nd). The group of 5-to 7-year-old males (n = 20) was placed in a 2.5 m3 tank filled with aerated water at 19-20˚C and maintained under stable conditions for a two-day adaptation period. Twenty-four hours before the collection of carp semen, the males were injected intradorsally with Ovopel (one pellet containing 18-20 μg of a GnRH analogue and 8-10 mg of metoclopramide per kg of fish body weight; Interfish Ltd., Hungary). The milt was obtained by gentle abdominal massage, taking care not to pollute the sample with blood, feces or urine.
Approval from the Committee on the Ethics of Animal Experiments in Olsztyn, Poland (no. 93/2011) was obtained before starting the experiments.
Collection of good and poor freezability semen
This study is a continuation of our recently published report on differences in seminal plasma protein profile in carp semen with good freezability (GF) and poor freezability (PF) [37] . The same GF (n = 6) and PF (n = 6) semen samples were used for the analyses of seminal plasma [37] and spermatozoa (this study).
To distinguish semen samples between two groups, semen was cryopreserved using the freezing method described by Kopeika [38] . Briefly, semen samples were diluted (1:9) in an extender composed of 59 mM NaCl, 6.3 mM KCl, 0.68 mM CaCl 2 , 2.1 mM Mg 2 SO 4 , 27 mM NaHCO 3 , 3.4 mM sucrose, 69 mM D-mannitol, 118 mM Tris-HCl, pH 8.1 and 16% ethylene glycol. After dilution with the extender, the samples were loaded into 0.5-ml straws and kept in liquid nitrogen vapor, 3 cm above the surface of the liquid nitrogen, for 5 min. Then the straws were plunged into liquid nitrogen and storage for two weeks. After freezing straws were thawed by immersing them in a water bath (40˚C) for 13 s.
The motility parameters of fresh and cryopreserved semen were determined by computerassisted sperm analysis (CASA) using the two-step method for motility measurement, described by Rurangwa et al. [14] . A decrease in the percentage of sperm motility induced by cryopreservation was used as a marker for semen freezability. In a set of 20 male carp we arbitrary distinguished two groups with semen with high and low freezability. The six semen samples with the greatest decrease in sperm motility after freezing and thawing were classified as having PF (this yielded a threshold of ! 40% for the decrease in MOT sperm). The six semen samples with the smallest decrease were classified as having GF (threshold for the decrease in MOT sperm was 20%).
All sperm motion kinetic parameters measured before and after cryopreservation using the CASA system (VCL, VSL, VAP, PFT, MAD, BCF, ALH, DMN, LIN, STR, Mot) are presented in S1 Table. After cryopreservation the percentage of motile sperm was lower in PF semen than GF semen. The other sperm motion kinetics except STR did not differ between GF and PF. However in fresh sperm from both groups STR and other sperm motion parameters were similar. The results of four spermatic kinetics % MOT, VCL, VSL and ALH for both groups are presented in our previous study [37] .
Preparation of fresh spermatozoa and supernatant after cryopreservation from good and poor freezability carp semen
To obtain spermatozoa, good (n = 6) and poor (n = 6) freezability semen was centrifuged at 3,000× g for 30 min (4˚C). After the removal of the supernatant, the pellets (containing the spermatozoa) were washed twice in a sperm immobilizing solution (20 mM Tris-HCl, 200 mM KCl, pH 8.0) by centrifugation at 3,000x g at 4˚C for 30 min. Proteins were extracted from spermatozoa with lysis buffer (8 M urea 
, 0.1% (w/v) Triton X-100, 100 mM dithiotreitol (DTT), 2% (v/v) immobilized pH gradient (IPG) buffer (3-10 NL), and 2.5% (v/v) protease inhibitor cocktail (Sigma-Aldrich, St. Louis, USA). The samples were sonicated (5 s three times), kept on ice for 1 h, and centrifuged for 10 min at 14,000× g at 4˚C. The protein extract (spermatozoa) were stored at -80˚C until analysis.
A supernatant after cryopreservation is defined as a fluid surrounding extended semen after cryopreservation. It is composed of seminal plasma, an extender and substances that leak from spermatozoa after freezing and thawing. To obtain supernatants after cryopreservation cryopreserved semen of good and poor freezability were centrifuged at 3,000× g for 30 min at 4˚C, followed by centrifugation of the supernatant for 10 min at 12,000× g at 4˚C. The supernatant of the cryopreserved semen was collected and stored at -80˚C. Prior to proteomic analysis, the supernatants of GF and PF semen were concentrated using an Amicon ultracentrifuge (3 kDa molecular weight cut off [Millipore] ).
Before proteomic analysis, aliquots containing approximately 800 μg of proteins (spermatozoa and supernatant after cryopreservation) were processed using a Clean-Up Kit (GE Healthcare, Uppsala, Sweden) according to the manufacturer's protocol. Samples were resuspended in 80 μL of DIGE labeling buffer consisting of 30 mM Tris, 7 M urea, 2 M thiourea, and 4% CHAPS, to a protein concentration of 5-10 mg/mL. The protein concentration prior to and after the cleaning procedure was measured using a Coomassie Plus Kit (Thermo Scientific, Rockford, IL, USA) with bovine serum albumin as the standard.
2D-DIGE analysis of fresh spermatozoa and supernatant after cryopreservation of good and poor freezability semen
Two independent 2D-DIGE analysis were performed in order to compare i) the protein profiles of spermatozoa of GF and PF semen (n = 6 for each group), and ii) the protein profiles of supernatant after cryopreservation of GF and PF semen (n = 6 for each group). For each biological replicate, 50 μg of protein extract of each sample type (spermatozoa and supernatant after cryopreservation of GF and PF) was labelled with 400 pmol of Cy3 or Cy5 (GE Healthcare), respectively. A dye swap (Cy3/Cy5) was performed between good and poor freezability samples to exclude dye bias. An internal standard was created by mixing equal amounts of each sample within experiment and was labelled with Cy2. After incubation on ice and in the dark for 30 in, the reaction was terminated by adding 10 mM lysine. The three labeled samples were then combining within each experiment according to the scheme presented in S2 and S3 Tables and diluted with rehydration buffer (8 M urea, 2% CHAPS, 18 mM dithiothreitol (DTT), 0.5% carrier ampholyte, pH (3-10 NL) to 340 μl. The combined samples were loaded on a pH gradient strip (18 cm, pH 3-10 NL) for isoelectric focusing (IEF) on an Ettan IPGphor system (Amersham Bio-sciences, Uppsala, Sweden) as described by Dietrich et al. [39] . After IEF, the strips were first equilibrated in equilibration solution of 50 mM Tris-HCl (pH 8.8), 6 M urea, 30% (v/v) glycerol, 2% (w/v) SDS, traces of bromophenol blue, and 1% (w/v) DTT for 15 min, and later in the same solution except that DTT was replaced by 4% (w/v) iodoacetamide for a further 15 min. Equilibrated immobilized pH gradient (IPG) strips were transferred onto 12.5% vertical polyacrylamide gels (gel size 25.5 × 19.6 cm, 1-mm thickness, cast in low fluorescence glass plates using an Ettan Dalt six system [GE Healthcare, Uppsala, Sweden]). Electrophoresis was conducted overnight at 1.5 W per gel constant current. The Cy2-, Cy3-, and Cy5-labeled images were acquired on a Typhoon 9400 scanner (Amersham Biosciences) at excitation and emission values of 488/520, 532/580, and 633/670 nm, respectively.
Intragel spot detection and quantification and intergel matching and quantification were performed using the differential in-gel analysis (DIA) and biological variation analysis (BVA) modules of DeCyder software version 6.5 (Amersham Bio-sciences). During spot detection, the estimated number of spots was set at 10,000 and volume <30,000. The resulting spot maps were exported to BVA. Gel-to-gel matching of the standard spot maps from each gel, followed by statistical analysis of protein abundance change between samples, was performed in the BVA module. Selection criteria for the detection of significantly changed protein spots were that protein spots were detected in all of the analyzed gels with statistical significance (p 0.05).
Protein digestion and mass spectrometry analysis
Differentially expressed protein spots of interest were excised from the DIGE gels and subjected to in-gel digestion with trypsin. Briefly, gel plugs were destained with 30% acetonitrile in 100 mM ammonium bicarbonate (NH 4 HCO 3 ) for 30 min and vacuum dried. Then, digestion solution (20 ng/μl trypsin (Promega, Madison, WI, USA) in 20 mM NH 4 HCO 3 was added, and the samples were digested at 37˚C overnight. After digestion, peptides were extracted with 0.1% trifluoroacetic acid and then concentrated and desalted using Zip-Tip C18 pipette tips (Millipore), as described by Dietrich et al. [27] . Equal volumes of sample and α-HCCA matrix (5 mg/ml) were spotted and mixed on the MALDI-TOF target plate. Peptide mixtures were analyzed with a Bruker Daltonics AutoFlex TOF-TOF LIFT Mass Spectrometer (Bruker Daltonics, Bremen, Germany) in positive ion reflector mode. The accelerating potential was 20 kV with eight shots per second. Each spectrum was internally calibrated using monoisotpoic [ 
Ingenuity pathway and STRING analyses
To understand the biological context of the identified proteins and their involvement in biological pathways, the differentially abundant proteins were subjected to ingenuity pathway analysis (IPA) classification (version 9.0, http://www.pantherdb.org/). Because IPA only accepts gene or protein accession numbers representing human, mouse and rat genes or proteins, orthologs of the identified carp proteins belonging to those three species were first identified, and the accession numbers of the top blast hits were uploaded to IPA. Each identifier was associated with the IPA knowledge base and used to generate networks and to identify the proteins of the top five categories for each of the functional domains and canonical pathways. Fisher's exact test and Benjamini-Hochberg multiple testing corrections were used to calculate the significance (p 0.05) of functional and canonical pathways of proteins involved in sperm motility. For protein-protein interaction network analysis, the differentially expressed proteins (as determined by BVA) were analyzed using the STRING database version 10.5 (Search Tool for the Retrieval of Interacting Genes, http://string-db.org/) with a high confidence score (score > 0.7). The UniProt accession number for all of the identified proteins was submitted and mapped against a reference Homo sapiens dataset. The interaction networks were obtained based on confidence and evidence.
Validation of 2D-DIGE results by Western blotting
We used antibodies against carp Pv produced in our laboratory by immunization of rabbit with Pv isolated from carp spermatozoa [40] to confirm the identification of Pv as a protein whose abundance varies with semen freezability. Aliquots (100 μg) of spermatozoa proteins from GF and PF semen (both n = 6) G (n = 6) made up to 125 μl with rehydration buffer were applied to 7-cm IPG strips (pH range 4-7; GE Healthcare). Isoelectric focusing was performed according to the manufacturer's protocol (GE Healthcare), and then the IPG strips were equilibrated with 2% dithiothreitol and 2.5% iodoacetamide. Each strip was laid onto a 15% SDS-PAGE gel (10 x 8 x 0.1 cm) for second dimension electrophoresis. Western blots were performed as described by Dietrich et al. [39] . Briefly, six samples of spermatozoa from GF and PF semen were transferred to nitrocellulose membranes after 2DE. The membranes were incubated overnight at 4˚C with anti-Pv antibodies diluted 1:20,000 in TBS-T (0.05 M Tris-HCl, 0.15 M NaCl, and 0.1% Tween 20, pH 7.6). After rinsing to remove unbound primary antibodies, the membranes were incubated with alkaline-phosphatase -(AP)-conjugated horse antirabbit antibodies (Sigma) diluted 1:20,000 in TBS-T for two hours at room temperature. Products were visualized by incubation with 5-bromo4-chloro-30-indolyphosphate and nitro-blue tetrazolium (BCIP/ NBT) reagent solvent in the dark for 10 min, after which the membranes were washed with 2 mM EDTA to stop the color reaction. Blots were then scanned with the VersaDoc MP 4000 system (Bio-Rad). Using Quantity One Analysis Software, version 4.6.9 (Bio-Rad), Pv spots were quantified by Density/Area (INT/mm2). The relative abundance of Pv was calculated as the ratio of single spot abundance to the total abundance of Pv.
Results
Comparison of fresh spermatozoa proteome of good and poor freezability semen
The analysis of spermatozoa proteins from good and poor freezability semen using quantitative 2D-DIGE technology led to the detection of 1,555 matched spots, of which 54 spots had significantly difference abundances (>1.1-fold change, p<0.05) between GF and PF (Fig 1A  and 1B) . Of the differentially expressed spots, 28 spots were upregulated in spermatozoa of GF semen of which 22 were successfully identified by MALDI-TOF/TOF (Table 1) . Twenty-six spots were found to be upregulated in spermatozoa of PF semen and 22 were successfully identified as 18 unique proteins ( Table 1 ). The overlay of spermatozoa proteins of GF and PF males is shown in Fig 1C. The Fig 1D shows 3 -dimensional images and line charts representing the relative quantification of differentially abundant protein spots between spermatozoa of GF and PF males.
Comparison of supernatant after cryopreservation of good and poor freezability semen
The analysis of supernatant after cryopreservation of GF and PF semen using 2D-DIGE led to detection of 1,616 matched spots. Of these, 19 were more abundant (p<0.05) in supernatant of PF semen than GF semen (Fig 2A and 2B) . Eighteen of these spots were successfully identified as 12 unique proteins (Table 2) . A representative 2D-DIGE image of an overlay of supernatant after cryopreservation of GF and PF semen is shown in Fig 2. 
Ingenuity pathway analysis of the differentially abundant proteins
A total of 22 and 18 proteins overexpressed in spermatozoa of GF and PF semen, respectively and 12 proteins present in higher abundance in supernatant after cryopreservation of PF semen were analyzed by IPA, in terms of their canonical signal pathway, molecular and cellular function, and networks function. A summary of all associated pathways and functions for the differentially abundant proteins is presented in Table 3 . The top canonical pathways associated with proteins of higher abundance in sperm of GF were protein ubiquitination pathway, antigen presentation pathway, cell redox homeostasis, D-mannose degradation and L-carnitine biosynthesis while the molecular and cellular functions including amino acid metabolism, small molecule biochemistry, cell death and survival, cell morphology, and cellular assembly and organization.
IPA demonstrated pentose phosphate pathway and superpathway of methionine degradation as the canonical pathways most affected by proteins of higher abundance in PF semen. These proteins were associated with carbohydrate metabolism, an oxidative reduction process, cellular aldehyde metabolism, and cellular movement. The proteins that were enriched in the supernatant after cryopreservation of PF semen were involved in the endoplasmic reticulum stress pathway, antigen processing and presentation, and protein folding. The molecular and cellular functions of these proteins were associated with cellular movement, response to endoplasmic reticulum stress, cellular function and maintenance, transport and protein trafficking. 
Protein-protein interaction network analysis of differentially abundant proteins from good and poor freezability semen
We performed an interaction network analysis of those proteins enriched in spermatozoa of GF semen using STRING. We found that, of the 22 proteins, 11 proteins interact with each other (22 edges). The most connected proteins (clustering coefficient, 0.983; PPI enrichment p-value, 4.33e-15) are involved in proteasomal ubiquitin, protein catabolic process, and antigen processing and presentation (Fig 3A) . For the 18 proteins enriched in spermatozoa of PF we detected 28 edges (14 proteins interacted with each other), with a clustering coefficient of 0.789 (enrichment p-value: 4.33e-16). These proteins were involved in oxidative reduction process and cellular aldehyde metabolic process (Fig 3B) . Furthermore, STRING analysis of the proteins enriched in supernatant after cryopreservation of PF semen, demonstrated that all 12 proteins were connected (19 edges, clustering coefficient of 0.619, PPI enrichment p-value of 1.61e-13). The most connected proteins were involved in protein folding in the endoplasmic reticulum, carbohydrate metabolic processes, and response to endoplasmic reticulum stress.
Validation of 2D-DIGE by Western blot analysis of parvalbumin
Polyclonal antibodies against carp parvalbumin detected four spots (proteoforms) of Pv ( Fig  4A and 4B) . As with the proteomic data, an increase (p 0.05) in the relative abundance of spot 53 (defined as ratio of spot abundance to total Pv abundance) was observed in the spermatozoa from GF semen (relative abundance 0.104) relative to spermatozoa from PF semen Table 1 and  Table 2 , respectively.
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(relative abundance 0.084; Fig 4C) . The Pv proteoform (spot 53) correspond to spot 53 identified as enriched in GF semen through 2D-DIGE (Fig 1) . The abundance of the rest of the Pv isoforms and total Pv abundance was similar in GF and PF semen. 
Discussion
To our knowledge, this study is the first to present differentially expressed proteins between spermatozoa of good and poor freezability fish semen. Using a 2D-DIGE approach coupled with MALDI-TOF/TOF, comparing spermatozoa of GF and PF semen, we identified differentially expressed proteins. IPA analysis of these sperm proteins revealed distinct canonical pathways for GF and PF semen. We also identified 12 proteins enriched in the supernatant after cryopreservation of poor freezability semen. The obtained results should be valuable for better understanding of the mechanism of sperm freezability in fish especially for carp.
Among proteins enriched in spermatozoa of good freezability String analysis revealed multiple significant interaction between three α-and three β-type subunits of the 20S proteasome and bleomycin. These proteins creates one major cluster functionally involved in the ubiquitin proteasome pathway. The 26S proteasome plays a crucial role in the control of mitosis and meiosis and is responsible for protein degradation and cellular remodeling during spermatogenesis [41] . In mammals, the 26S proteasome complex has been shown to be more abundant in mature sperm than immature sperm [42] , indicating its important roles in sperm motility and fertilization related events [43] . Recently, the 26S proteasome was identified as a positive marker of sperm freezing resilience in ram seminal plasma [44] . Blmh was identified for the first time in fish spermatozoa. Its function in mammals is related to antigen presentation, protein polyubiquitination, antioxidant defenses, response to toxic substances and sperm maturation [45] . Taken together, these findings suggest that the greater abundance of the proteasome and Blmh in the spermatozoa of GF might reflect the full maturation status of these spermatozoa, resulting in a greater resistance to cryoinjuries. The lower abundance of these proteins in PF spermatozoa could indicate incomplete maturation or aging phenomenon. Further studies should focus on analysis of the relationship between proteome changes and sperm maturation and aging. Voltage-dependent anion selective channel protein (VDAC) is enriched in the spermatozoa of GF. VDAC is a pore forming protein, which, in mammalian spermatozoa, forms a channel structure in the lipid bilayer that mediates transport of ions and small molecules (Ca 2+ , Cl -, HCO 3 -, ATP, glutamate) through the outer mitochondrial membrane and plasma membrane [46, 47] an is also involved in the maintenance of flagellar structures of mature spermatozoa [48] . Moreover VDAC have been reported to be involved in spermatogenesis, sperm maturation, capacitation, acrosome reaction, the modulation of sperm motility [49, 50] . Vilagran et al. [24] identified VDAC2 as a potential positive marker of semen freezability in boars, which is in line with our findings. However, the role of VDAC in fish spermatozoa remains unknown. The presence of VDAC3 in higher amounts in spermatozoa of GF suggest its involvement in the protection of sperm from changes in membrane fluidity, through a better regulation of ion transmembrane flux during cold shock events, such that takes place during cryopreservation.
Among the proteins enriched in GF semen we identified enzymes important for protection against oxidative stress, including two forms (Rho and Pi) of glutathione S-transferase (GST), 4-trimethylaminobutyraldehyde dehydrogenase (ALDH9A1), and glutaredoxin. Li et al. [51] suggest that the cryopreservation of carp sperm induces oxidative stress in spermatozoa, demonstrated by higher levels of lipid peroxidation, protein oxidation, and glutathione peroxidase activity. Therefore, an enrichment of defensive intracellular and plasma membrane enzymes in spermatozoa of GF would be a great asset, as these cells are exposed to ROS generated during cryo-stress and their function could be associated with better protection of sperm membrane and proteins against oxidative damage occurring during cryopreservation.
Spermatozoa with good freezability had higher amount of proteins involved in cellular redox and energy metabolism, including dihydrolipoyllysine-residue succinyltransferase (DLST), glycerol-3-phosphate phosphatase, and mannose-6-phosphate isomerase. These two latter enzymes were not previously identified in carp spermatozoa and their function in energy production of spermatozoa. DLST is a component of the mitochondrial 2-oxoglutarate dehydrogenase complex. Recently, another component of this complex (dihydrolipoyl dehydrogenase) was found to be highly expressed in highly freezable bull sperm [28] . Taken together, our results suggest that the spermatozoa of GF are metabolically superior and have an advantage in energy storage (required for sperm motility) compared to spermatozoa of PF.
Parvalbumin, a Ca 2+ -binding protein, is present in multiple proteoforms in carp semen. Parvalbumin is a major protein of carp spermatozoa, which appears during the final step of spermatogenesis [40] . One proteoform of parvalbumin was found to be positively associated with carp semen cryopreservation. The crucial role of specific proteoforms of parvalbumin has been shown in mechanisms controlling carp sperm movement [39] . Since Ca 2+ plays a pivotal role in carp sperm motility [52] , the parvalbumin enriched in GF semen might be involved in the control of the Ca 2+ gradient during sperm motility after cryopreservation. This is prerequisite both for control premature activation and activation of sperm motility. Taken together, these findings suggest that efficient control of Ca 2+ gradient and sperm motility are beneficial for cryoresistance of carp spermatozoa. Beside detection of proteins positively associated with freezability we also detected four proteins which proteoforms were differentially (positively or negatively) related to carp sperm freezability. Meichroacidin-like sperm-specific axonemal protein (MSAP) is a structural component of flagellar axoneme in carp and is expressed during late spermiogenesis and accumulated in mature spermatozoa, localized to basal body and flagellum of sperm [53] . MSAP function is associated with flagellar assembly and differentiation during spermiogenesis. Particular proteoforms of MSAP might produce slight differences in organization and stabilization of flagella structure, which can influence the resistance of sperm flagellum to cryopreservation stress.
Beside MSAP the other three proteins differentially related to carp sperm freezability were enzymes such as: dipeptidyl peptidase 3 (DPP3), protein disulfide isomerase A3-like (PDIA3), and adenosylhomocysteinase (AHCY). DPP3 and PDI are a part of a quality-control system for the correct folding of the proteins. PDI also functions as a molecular chaperone that prevents the formation of protein aggregates. AHCY is involved in the energetic metabolic pathway, leading to the production of phosphocreatine, which is essential for carp sperm motility. Thus, we propose that the freezability of carp sperm is related to proper protein folding and energy supply. The mechanism by which these multiple proteoforms are generated and how they contribute to freezability remain unknown.
Among the proteins associated with poor freezability semen we detected proteins functionally linked with the aldehyde metabolic process and tricarboxylic acid cycle. Moreover we detected proteins assisted in cytoskeletal organization. It has to be strongly underlined that many of these proteins (PASCIN2, PGD, TALDO1, TKT) and/or proteoforms were detected in higher quantities in supernatant following cryopreservation of PF semen. This suggests that there is a relationship between the presence of some proteins enriched in fresh spermatozoa of PF and their leakage after cryopreservation. The exact reason for this phenomenon is unknown. The different protein compositions of spermatozoa of good and poor freezability might arise from genetic differences and/or from differences in spermatogenesis. Also, we speculate that these differences are because of negative changes in properties of the sperm membrane, perhaps arising from previous infection or inflammation of semen, as suggested by elevated levels of acute phase proteins in the seminal plasma of PF [37] . Sub-lethal damage to the sperm membrane might result in more efficient extraction of proteins from fresh spermatozoa of PF and their leakage after cryopreservation.
We also identified proteins released in greater quantities from spermatozoa after cryopreservation of PF semen which were not distinguished in fresh spermatozoa of PF. These proteins included Ca 2+ binding proteins (EHD1, Calr), Ldhb, nuclear proteins (Ran, EEF1G) and chaperones (HSPA5, Hyou1) involved in metabolism, correct folding of proteins and stress response. The leakage of Ca 2+ -binding proteins and metabolic enzymes from sperm might be part of the mechanism responsible for the decrease in motile sperm in the PF group after cryopreservation. Moreover, as discussed above, the greater leakage of cytosolic enzymes suggests that cryopreservation significantly affects the plasmalemma integrity of PF sperm, leading to an increased leakage of cytoplasmic proteins. The disruption of sperm membrane integrity was confirmed by the presence of plasma membrane (Calr, EHD1, Pascin2) proteins released in higher amount in PF after cryopreservation. String analysis revealed strong interaction between studied proteins especially HSPA5, PDIA3, CALR, GANAB and HYOU1 suggesting its functional link with protein folding and response to stress. The results of this study complement our recently published analysis of the seminal plasma proteome and its relationship to freezability [37] . Because the seminal plasma and spermatozoa used in these experiments came from the same semen samples comparative analysis of protein changes in both sources is now available. The results of both studies demonstrate that protein component of spermatozoa and the media surrounding them (the seminal plasma) influence carp freezability. Our previous study found that PF is related to an elevated protein level, which reflects infection or inflammation of the reproductive tract, leading to subtle changes in sperm structure. GF is related to higher levels of the proteins involved in the maintenance of sperm membrane integrity and antioxidative protection. This is consistent with the results presented here, which show that sperm with GF show enhanced maintenance of membrane fluidity, antioxidative protection, flagella organization, sperm motility and energy production. It must be emphasized, however, that different proteins are involved in these functions in seminal plasma and spermatozoa. For example Wap65 seems to be associated with antioxidative protection in seminal plasma while glutathione S-transferase (GST), 4-rimethylaminobutyraldehyde dehydrogenase (ALDH9A1) and glutaredoxin in spermatozoa. In summary, it appears that proteins in seminal plasma and spermatozoa influence the freezability of carp semen via different mechanisms. At present it is unknown which of these potential sources of bioindicators offers the better prediction of sperm resilience to long-term cryopreservation.
Taken together, our data demonstrate that variability in cryoresistance can be attributed to differences in protein composition of spermatozoa. Good freezability is related to higher concentrations of the proteins involved in the maintenance of flagella structure, membrane fluidity, efficient control of Ca 2+ and sperm motility, energy production and antioxidative protection, which reflect the full maturation status of spermatozoa of GF. In contrast PF seems to be related to incomplete maturation or aging of semen and to the presence of proteins shown to be leaked in higher quantities from cryopreserved spermatozoa of PF semen. Moreover particular proteoforms of proteins related to proper protein folding, energy supply, and methylation status might be critical for either the positive or negative relationship with cryopreservation success. The obtained results would create a platform for future studies designed to assess the functional significance of specific proteins in cryoresistance. Such studies should be based on multiparameter assessment of sperm characteristics (kinetics, structural, biochemical and functional) after cryopreservation [54, 55] to distinguish carp semen of good and poor freezability and to validate the usefulness of identified sperm proteins as potential biomarkers of freezability. At present it is not known whether the dynamics of proteomic changes in semen that affect its freezability display seasonality. This possibility should be investigated in future studies. The results of such research would improve our understanding of the mechanics of sperm freezability in fish, especially carp. 
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